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Abstract
Coexisting hypertension and aortic stenosis are common. Some studies showed that elevated blood pressures may be asso-
ciated with progression of calcific aortic valve disease (CAVD) while others showed no correlation. Flow dynamics in the 
sinuses of Valsalva are considered key factors in the progression of CAVD. While the relationship between hemodynamics 
and CAVD is not yet fully understood, it has been demonstrated that they are tightly correlated. This study aims to investigate 
the effect of changing systolic and diastolic blood pressures (SBP and DBP, respectively) on sinus hemodynamics in rela-
tion to potential initiation or progression of CAVD after aortic valve replacement (AVR). Evolut R, SAPIEN 3 and Magna 
valves were deployed in an aortic root under pulsatile conditions. Using particle image velocimetry, the hemodynamics in 
the sinus were assessed. The velocity, vorticity, circulation ( Γ) and shear stress were calculated. This study shows that under 
elevated SBP and DBP, velocity, vorticity, and shear stress nearby the leaflets increased. Additionally, larger fluctuations of 
Γ and area under the curve throughout the cardiac cycle were observed. Elevated blood pressures are associated with higher 
velocity, vorticity, and shear stress near the leaflets which may initiate or accelerate pro-calcific changes in the prosthetic 
leaflets leading to bioprosthetic valve degeneration.

Keywords  Hypertension · Particle image velocimetry · Sinus flow · Transcatheter aortic valve replacement · Surgical aortic 
valve replacement

Introduction

Calcific aortic valve disease (CAVD) is the most common 
heart valve disease in the United States with an increasing 
burden in the aging population [1]. In CAVD, calcium builds 
up on and within the valve leaflets, leading to stiffening. As 
stiffening progresses (aortic sclerosis to aortic stenosis), the 
valve opening becomes narrower leading to flow obstruction, 
elevated transvalvular pressure gradients and elevated pres-
sure load on the ventricle [2]. Left untreated, aortic stenosis 
(AS) culminates in heart failure or sudden cardiac death [2].

Bioprosthetic aortic valve replacement (AVR)—tran-
scatheter or surgical (TAVR, SAVR, respectively)—is the 
most effective and widely used therapeutic procedure to 
address AS [3]. One of the main drawbacks of bioprosthetic 
aortic valves is their durability and their susceptibility to 
structural valve degeneration (SVD) which can be initiated 
by calcification [4, 5]. Bioprosthetic aortic valves are com-
posed of chemically stabilized animal tissues (xenografts) 
that offer better hemodynamic properties compared to their 
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mechanical alternatives, but their lifespan is shorter due to 
SVD [4, 5]. Glutaraldehyde can cause cell death on prosthe-
ses which inhibits their ability to pump calcium out of the 
cells leading to accumulation [6]. SVD can be initiated by 
structural changes to the prosthesis and leaflet calcification 
which ultimately affect hemodynamics.

Coexisting hypertension and AS are common, and studies 
have demonstrated that elevated blood pressures are asso-
ciated with progression of valve calcification and stenosis 
[7–9]. However, other large prospective studies have not 
substantiated such a correlation [10]. Some studies showed 
that patients with hypertension and AS showed earlier 
symptoms [11]. It has been shown that the implantation of 
a bioprosthetic aortic valve leads to changes in the overall 
hemodynamics in the sinuses, the coronaries, and the arterial 
tree downstream of the aortic valve [12–18]. Immediately 
after AVR, blood pressure levels were found to increase, 
often necessitating treatment [19]. Optimum strategies for 
blood pressure moderation after AVR remain to be estab-
lished, as low blood pressures have been associated with 
increased mortality [20–22]. Despite these relationships 
between blood pressure and aortic valve function, the effect 
of blood pressure on prosthetic valve durability has not been 
investigated.

From a fluid dynamic perspective, fluid shear stress is one 
of the major regulators of CAVD [2, 23] and flow dynamics 
in the sinuses of Valsalva are considered key factors in its 
progression [24, 25]. While the relationship between hemo-
dynamics and CAVD is not yet fully understood, it has been 
demonstrated that they are tightly correlated [26]. CAVD 
limits the aortic valve opening, leading to changes on the 
sinus vortices and jet velocities. Non-physiological levels 
of viscous shear stress in the sinuses near the valve leaflets 
has been linked with CAVD [12–16, 23, 25, 27]. Non-phys-
iological low shear stresses are associated with flow stasis 
and non-physiological elevated shear stresses are associated 
with hemostatic abnormalities [28].

In this study, we aim to investigate the effect of changing 
systolic and diastolic blood pressures (SBP, DBP, respec-
tively) on sinus hemodynamics.

Methods

Hemodynamic Assessment

A 26 mm SAPIEN 3 balloon-expandable transcatheter 
heart valve (THV) (Edwards Lifesciences, Irvine, CA, 
USA), 29 mm Evolut R self-expanding THV (Minneapolis, 
MN, USA), and 25 mm Magna Ease surgical aortic valve 
(SAV) prosthesis (Edwards Lifesciences, Irvine, CA, USA) 
were implanted in an aortic root model within a pulse 
duplicating left heart simulator (Fig. 1) [18, 22, 29]. The 

flow loop was composed of a reservoir where the blood 
analog is stored, a mitral valve at the exit of the reservoir, 
a custom-made bladder pump that represents the ventricle, 
a flow probe (Transonic, NY, USA) that is connected to the 
flowmeter for average flow rate (cardiac output) measure-
ment, aortic root chamber, compliance chamber to emulate 
arterial distensibility, and a gate resistance valve to control 
the cardiac output. The coronary loop was represented by 
a connection from the sinus to the storage reservoir with 
a pinch resistance valve to control the flow. This connec-
tion represented the total coronary flow, which was calcu-
lated to be 4–5% of the cardiac output (average minimum 
200 ml/min and average maximum 250 ml/min). The aver-
age coronary flow was set within these physiological limits 
at 120/60 mmHg, by setting the resistance of the coronary 
circuit, at the beginning of the experiment. Then, once the 
baseline coronary conditions have been achieved, the coro-
nary circuit parameters were held fixed as the systemic 
blood pressures were varied to evaluate the sole impact of 
aortic blood pressure on the resulting coronary flow. The 
blood analog selected was a mixture of water and glycerin 
(60–40% in volume) with a density of 1060 kg/m3 and 
viscosity of 3.5 cP. The contraction and expansion of the 
bladder pump were controlled by an in-house developed 
LabVIEW (National Instruments, TX, USA) program. The 
experiments were performed at a cardiac output of 5L/min 
under a heart rate of 60 bpm and a range of SBP (100, 120, 
and 160 mmHg) and DBP (40, 60 and 90 mmHg). Pres-
sures were measured using Millar catheters (ADinstru-
ments, CO, USA) at the ventricular and aortic sides. Fifty 
consecutive cardiac cycles of pressure and flow rate data 
were recorded at a sampling rate of 100 Hz.

Fig. 1   Pulse duplicating left heart flow loop simulator setup with total 
coronary branch
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Particle Image Velocimetry (PIV)

PIV was performed to evaluate the flow dynamics within 
the sinus under different blood pressure conditions. The 
blood analog fluid, that is transparent, was seeded with 
rhodamine B particles of average size 10 μm. The sinus 
region was illuminated using a laser sheet created by 
pulsed Nd:YLF single cavity diode pumped solid state 
laser coupled with external spherical and cylindrical 
lenses while acquiring high-speed images of the fluo-
rescent particles’ displacement and movement within the 
sinus region. Time-resolved PIV images were acquired 
at a temporal resolution of 4000 Hz. Refraction was cor-
rected using a calibration in DaVis particle image veloci-
metry software (DaVis 10, LaVision Germany). Velocity 
vectors were calculated in DaVis using advanced PIV 
cross-correlation approaches with a 50% overlap multi-
pass approach starting from one 32 × 32-pixel interroga-
tion followed by two 16 × 16-pixel interrogation passes. 
Post processing was performed using adaptive median 
filtering. This was performed similar to other published 
works by our team [12–16, 23, 25].

Using the velocity measurements, the out-of-plane vor-
ticity (ω)—the curl of the velocity—was computed using 
Eq. (2) below:

where �z is the vorticity component in s−1, Vx and Vy are 
the x and y components of the velocity vector in m/s. The x 
and y directions are axial and lateral respectively with the 
z direction being out of measurement plane. The vorticity 
captures the rotational components of blood flow shearing 
and measures the tendency of the fluid to swirl [30].

Wall shear stress ( � ) was computed as follows:

where � is the shear stress in Pa and � is the dynamic viscos-
ity in Pa s.

The circulation ( Γ ) was computed as follows within 
the sinus region:

where Γ is the circulation (m2/s), and ��⃗V  and ��⃗𝜔 are the veloc-
ity and vorticity, respectively. Circulation is a macroscopic 
measure of rotation in an area of interest, that is the sinus 
in our case.

(1)�z = −

(

dVx

dy
−

dVy

dx

)

(2)� = �

(

dVx

dy
+

dVy

dx

)

(3)Γ = ∮ ��⃗V .��⃗dl = ∫ S

��⃗𝜔.���⃗dS

Results

Velocity and Vorticity in the Sinus

The increase in blood pressure, whether SBP or DBP, did 
not change the flow structures’ presence in the sinus, such 
as the main sinus vortex or the secondary vortices. As the 
leaflets opened, the jet’s velocity increased and at the edge of 
the leaflet the shear layers separated and were forced to curl 
into the sinus, leading to the emergence of the main sinus 
vortex at peak systole. The change in pressures, however, led 
to a change in the magnitudes of the velocity and vorticity.

Increasing SBP

Evolut R: Fig. 2 shows the velocity vectors and vorticity 
contours in the sinus and partially in the coronary artery 
with the Evolut R TAV at 60 bpm. Video 1 shows an exam-
ple cardiac cycle. As SBP increased from 100 to 160 mmHg, 
the average velocity in the sinus increased from 0.0728 to 
0.126 m/s, and more elevated vorticity magnitudes were 
noted with larger regions and with both clockwise (CW; blue 
contour) and counterclockwise (CCW; red contour) direc-
tions at peak systole. The increase in magnitude of the veloc-
ity in the sinus was also during acceleration, deceleration, 
and diastole, most notably during peak systole, deceleration, 
and diastole.

SAPIEN 3: Fig. 3 shows the velocity vectors and vorticity 
contours in the sinus and partially in the coronary artery 
with the SAPIEN 3 TAV at 60 bpm. Video 2 shows an exam-
ple cardiac cycle. Like Evolut, the average velocity in the 
sinus increased from 0.0545 to 0.127 m/s as SBP increased 
from 100 to 160 mmHg. CW vorticity was prevalent in the 
sinus as the SBP increased. In the deceleration phase, more 
expanded vorticity regions were found as SBP increased and 
a change in the direction of the small vortices was noted 
going from CW to CCW.

Magna: Fig. 4 shows the velocity vectors and vorticity 
contours in the sinus and partially in the coronary artery 
with the Magna SAV at 60 bpm. Video 3 shows an example 
cardiac cycle. Like the Evolut R and SAPIEN 3, the average 
velocity in the sinus increased from 0.0471 to 0.0629 m/s. 
The difference in average velocity, however, was not as sub-
stantial in comparison. More expanded elevated vorticity 
zones were noted in the sinus with increasing SBP.

Increasing DBP

Evolut R: Fig. 5 shows the velocity vectors and vorticity 
contours in the sinus and partially in the coronary artery 
with the Evolut R TAV at 60 bpm. As DBP increased from 
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40 to 90 mmHg, the average velocity in the sinus increased 
from 0.0739 to 0.101 m/s. A slight difference in the distri-
bution and magnitude of the vorticity is noticed as DBP 
increased. During deceleration, as DBP increased, the aver-
age sinus velocity decreased from 0.102 to 0.0695 m/s.

SAPIEN 3: Fig. 6 shows the velocity vectors and vorticity 
contours in the sinus and partially in the coronary artery 
with the SAPIEN 3 TAV at 60 bpm. The average velocity in 
the sinus stayed approximately constant as DBP increased 

from 40 to 90 mmHg to reach 0.0698 m/s at peak systole. 
The vorticity magnitude increased as DBP increased, only 
no change in the direction or distribution was noted at peak 
systole. During deceleration, as DBP increased, the average 
sinus velocity decreased from 0.23 to 0.131 m/s.

Magna: Fig 7 shows the velocity vectors and vorti-
city contours in the sinus and partially in the coronary 
artery with the Magna SAV at 60 bpm. At peak systole, 
the average velocity in the sinus increased from 0.0667 

Fig. 2   Velocity vectors and vorticity contours in the sinus with increasing SBP in the presence of Evolut R. The dashed red arrow represents the 
location of the leaflet tip

Fig. 3   Velocity vectors and vorticity contours in the sinus with increasing SBP in the presence of SAPIEN 3. The dashed red arrow represents 
the location of the leaflet tip
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to 0.0714 m/s as DBP increased from 40 to 90 mmHg. 
During deceleration, the average sinus velocity decreased 
from 0.187 to 0.0608 m/s. A decrease in vorticity dis-
tribution and magnitude was noted during deceleration, 
whereas an unchanged pattern was noted during peak 
systole.

Shear Stress Distribution Nearby the Leaflet

Figure 8 shows the probability density function (PDF) in 
semi-log scale of the stress distribution near the leaflet 
under the different pressure conditions in the presence of 
the 3 valves. Generally, the distribution of shear stress was 

Fig. 4   Velocity vectors and vorticity contours in the sinus with increasing SBP in the presence of Magna. The dashed red arrow represents the 
location of the leaflet tip

Fig. 5   Velocity vectors and vorticity contours in the sinus with increasing DBP in the presence of Evolut R. The dashed red arrow represents the 
location of the leaflet tip
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very close between the blood pressure cases, especially at 
the higher frequencies (> 10−1). The main differences were 
found in the lower frequencies (less occurrences), that led to 
different tails. Additionally, the results show that generally, 
the highest SBP and DBP led to the largest distribution and 
range of viscous shear stress near the leaflets’ surface.

Evolut R: SBP of 160 mmHg and DBP of 90 mmHg led 
to the most spread-out and higher range of viscous shear 
stress in the region along the leaflet going from − 3.7 to 

3.6 Pa and − 2.8 Pa to 3.8 Pa, respectively. The lowest SBP, 
100 mmHg, showed almost the smallest range of shear stress 
going from − 2.2 to 2.6 Pa.

SAPIEN 3: The highest DBP (90 mmHg) led to the high-
est range of shear stress approximately going from − 2.0 to 
2.5 Pa. The lowest range was obtained with the lowest SBP 
of 100 mmHg going from − 1.4 to 2.3 Pa.

Magna: The highest DBP of 90 mmHg led to the largest 
range of shear stress going from − 5.1 to 5.7 Pa, followed by 

Fig. 6   Velocity vectors and vorticity contours in the sinus with increasing DBP in the presence of SAPIEN 3. The dashed red arrow represents 
the location of the leaflet tip

Fig. 7   Velocity vectors and vorticity contours in the sinus with increasing DBP in the presence of Magna. The dashed red arrow represents the 
location of the leaflet tip
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the highest SBP case with shear stresses going from − 3.3 to 
3.7 Pa. The smallest range of shear stress was obtained with 
100/60 mmHg going from − 2.9 to 3.7 Pa.

Circulation ( 0 ) in the Sinus

The circulation ( Γ ) in the sinus as a function of the cardiac 
cycle time was plotted in Fig. 9 for all the valve and blood 
pressure cases. Positive circulation is counterclockwise 
(CCW) and negative circulation is clockwise (CW).

Fig. 8   Probability density function (PDF) distribution of the shear 
stress in the sinus in a region along the leaflet in the presence of A 
Evolut R, B SAPIEN 3, and C Magna under different pressure condi-
tions

Fig. 9   Circulation plot versus time in the sinus in the presence of A 
Evolut R, B SAPIEN 3, and C Magna under different pressure condi-
tions
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Evolut R: During systole for all blood pressures, Γ was 
mostly positive and as the valve closed, Γ became negative 
with values ranging from − 1000 to 0. The largest SBP and 
DBP led to the largest area under the curve during systole, 
whereas the change was minimal during diastole.

SAPIEN 3: More fluctuating Γ patterns were found with 
positive and negative peaks occurring during systole mainly. 
The largest SBP and DBP induced the largest fluctuations 
in Γ magnitudes.

Magna: Like the SAPIEN 3, Γ was fluctuating between 
positive and negative instead of keeping a uniform profile. 
The largest SBP and DBP led to the largest fluctuations seen 
throughout the cardiac cycle.

Discussion

This study aimed to assess the effect of changing SBP and 
DBP on valve and sinus hemodynamics with 3 different 
valve types. Blood flow plays an important role in hemo-
stasis and subsequently leaflet calcification potential. Non-
physiological alterations in flow can trigger abnormal cell 
responses in the aortic valve leaflets [31]. The cause of 
CAVD is not yet fully understood; however, several studies 
highlighted that valve calcification is an active process that 
involves multiple factors such as endothelial dysfunction, 
inflammatory responses, mineralization, oxidative stresses, 
and abnormal flow dynamics [2, 25, 32]. Hypertension is 
also one of the common risk factors of CAVD [33]. Over 
60% of hypertensive patients develop CAVD [34]. Whether 
or not the relationship between hypertension and CAVD 
is founded on changes in sinus hemodynamics remains 
unanswered.

To understand the flow dynamics in the coronary sinus 
under different conditions of blood pressure, it is important 
to understand how SBP and DBP affect coronary flow, which 
may lead to alterations on the flow inside the sinus. DBP has 
an important role in coronary perfusion. Generally, low DBP 
has been associated with myocardial ischemia [35, 36] and is 
a key factor in coronary perfusion pressure. SBP occurs due 
to the stretch that large arteries undergo to accommodate the 
systolic ejection volume. As SBP increases, the metabolic 
demands of the myocardium increase, leading to a potential 
increase in the coronary flow [37].

Increasing SBP or DBP did not change the flow struc-
tures’ (the main sinus vortex during systole as the leaflets 
are fully open or the secondary vortices) presence in the 
sinus. However, it changed the resulting velocity and vorti-
city magnitudes. With increasing SBP, the average velocity 
in the sinus and the vorticity magnitudes also increased with 
more expanded regions, specifically noted at peak systole 
and deceleration. With increasing DBP, the average velocity 
in the sinus generally increased only the increase was not as 

notable as that achieved with the increasing SBP. Vorticity 
kept an almost unchanged pattern. These features were uni-
form across all the valve types. A potential explanation of 
this increase in velocity and vorticity in the sinus may be 
related to the effect of hypertension on the effective orifice 
area of the valve. In a previous study by our lab, we showed 
that as blood pressures increase, EOA also increases [22]. 
Kadem et al. also showed that an increase in aortic pressure 
leads to aortic root expansion and stretching of the free edge 
of the valve leaflet, which results in an increase in the valve 
orifice area [38]. An increase in the aortic valve area changes 
the point on the leaflets where shear layers separate prior to 
entering inside the sinus. This allows the vortex to propagate 
inside the sinus at a closer distance without losing as much 
momentum. Typically, more elevated velocities in the sinus 
are desired as flow stasis is associated with CAVD [25]. 
However, this study shows that the mechanism of CAVD and 
blood pressure association needs to still be investigated fur-
ther. Because of the velocity changes, and as vorticity is the 
curl of the velocity, the higher these changes are the higher 
the subsequent vorticity changes. These changes were also 
reflected in the circulation ( Γ ) results (Eq. 3) that showed 
that the largest SBP and DBP led to the largest fluctuations 
and areas under the curve seen throughout the cardiac cycle. 
With the Evolut R, a CCW vortex was mostly prevalent in 
all blood pressure cases whereas with the SAPIEN 3 and 
the Magna, the Γ fluctuations show more interaction and 
change of direction between the vortices. The durability of 
Magna valves is longer than THVs in general despite the 
fluctuations in Γ waveforms. However, the magnitudes of 
these fluctuations were smaller compared to the SAPIEN 3’s.

An increase in SBP and DBP led to an increase in the 
range of shear stress in the nearby region along the leaflet 
at the smaller frequencies, however, the curves were rela-
tively close to each other at the more elevated frequencies of 
occurrence. Shear stress is an important metric that dictates 
the response of the cells to the flow. It is a factor that has 
been used in literature in connection with valve leaflet cal-
cification and considered one of the regulators of the CAVD 
process [2, 13, 25, 39]. Shear stress depends on how the 
velocity varies with displacement (Eq. 2), and therefore the 
intensity of the velocity gradient (explained in the velocity 
and vorticity section above) dictates the variation in shear 
stress. In previous sinus studies, higher shear stress values 
near the leaflets were desirable [12–16] only the threshold 
at which shear stress becomes harmful and incites abnormal 
cell responses within the leaflets is not well known. Systolic 
and diastolic hypertension was found to be associated with 
faster aortic valve calcification progression [8, 40].

The study had a few limitations. First, our aortic root 
chamber used is rigid and not patient specific. However, in 
our system, a compliance chamber is placed downstream of 
the aortic valve to mimic arterial distensibility. Moreover, 



Effect of Blood Pressure Levels on Sinus Hemodynamics in Relation to Calcification After…

our setup allows us to study the sole effect of blood pres-
sure variations under highly controlled conditions. Second, 
our aortic root does not include material to represent native 
leaflets that would be present after TAVR. The design of 
our aortic chamber is detailed in Hatoum et al. [16]. Third, 
our in-vitro setup is not an appropriate system to represent 
coronary circulation, however, it can accurately emulate 
epicardial coronary flow. Lastly, PIV can only capture the 
two velocity components (Vx and Vy) in a plane of the flow 
section and therefore it is not a suitable approach for an 
accurate estimation of the wall shear stress in a complex 3D 
environment.

In summary, this study assessed the impact of varying 
systolic and diastolic blood pressures on the hemodynam-
ics in the sinus in the presence of Evolut R, SAPIEN 3, 
and Magna valves. Elevated blood pressures were associ-
ated with higher velocity, vorticity, and shear stress near the 
leaflets which may initiate or incite pro-calcific changes in 
the prosthetic leaflets leading to bioprosthetic valve degen-
eration. More studies are needed to characterize the full 3D 
environment, determine a threshold for velocity and shear 
stress, and calculate the resulting wall shear stress on the 
leaflets to understand further how blood pressure may influ-
ence CAVD progression.
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